In this study atmospheric plasma treatment has been used to modify the wetting properties of ethylene-methacrylic acid sodium ionomer. The effects of the plasma treatment on surface properties of this ionomer have been followed by contact angle measurements, Fourier transformed infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and atomic force microscopy (AFM). With the use of these techniques, the overall effects on activation-functionalization and surface topography changes have been determined in terms of the processing parameters of the atmospheric plasma treatment (rate and distance). The obtained results show a remarkable increase of the wetting properties and optimum balanced behaviour is obtained for atmospheric plasma treatment with a rate of 100mm·s -1 and a distance of 6mm; in this case, surface free energy is increased from 33 mJ m -2 (untreated ionomer) up to 62 mJ m -2 , maintaining good transparency.
INTRODUCTION
The surface chemical properties of solid substrates affect their behaviour in industrial applications. A number of techniques can be used to modify substrate surfaces (abrasion, photoactivators and chemical agents, to name a few) but in recent years research has focused on processes that can change substrate surfaces without altering the general properties of the solids themselves (heat or electrical treatments). Plasmabased techniques have attracted the most interest from the industrial standpoint, as they are able to change the surface properties of solids rapidly and cleanly without generating any residue. Moreover, plasma technology can be easily adapted to materials processing at the industrial level [1] [2] [3] [4] [5] [6] .
Polymer materials are quite attractive to industry, a sector which constantly demands new materials for special applications requiring versatility in design, density, cost and other properties such as ease of processing. This family of materials includes ionomers, which are copolymers whose structure contains ionic charges (generally from lithium, sodium or magnesium). These ionic charges in the copolymer cause it to behave differently during crystallization, resulting in low fusion and softening points.
This characteristic gives the material excellent optical properties, which are the result of lower crystallinity, giving the polymer greater transparency and clarity. These ionomers also have optimal mechanical properties, with great flexibility and durability [7, 8] .
They can also be processed more easily, via processing methods such as extrusion and injection moulding, which are used in the manufacture of thermoplastics. Yet a significant drawback of this material in terms of technological demands is its low adhesion when bonded with other materials or used with primers. This poor adhesion is due to the ethylene found in its structure. This is why the surface of these materials usually requires prior treatment before being used.
The principal methods employed to improve the ionomer's hydrophobic behaviour (a result of its low polarity) are based on modification of the material's surface [9] . The sodium ionomer used in this study possesses low surface energy (around 33 mJ·m -2 ), which hinders the adhesion process during processing. From the industrial standpoint, one of the more interesting surface treatments that can be used to improve the surface properties of the ionomer is treatment by atmospheric plasma.
Polymers treated with this type of plasma have shown increased wettability, owing to the action of the plasma which modifies surface functionality, thereby increasing surface energy (γ s ), providing the polymer with hydrophilic properties [10] [11] [12] [13] [14] . This effect is the result of the formation of free radicals over the surface of the treated ionomer; an interaction occurs between the ionomer chains and the ionized species created by the plasma current and from reactions with the air. Once the ionomer is treated, its surface is activated due to the presence of various polar groups containing oxygen (esther, alchohol, ketone, peroxide and carboxylic acid, among others). These free radicals that have formed on the treated surface of the ionomer react with the species in the atmosphere and chemically modify the surface and as a consequence its initial hydrophobic behaviour. This process improves the material's wettability (for adhesion or printing) [10, 15, 16] .
Some authors have evaluated the effects of plasma treatments on the wettability of the treated substrate surfaces using the contact angle measuring technique [17, 18] and have observed the formation of chemical species on the surface of the substrate using the FTIR spectroscopy [19, 20] .
In this study we used the atmospheric plasma technique to modify wettability of an ionomer sheet; the ionomer was an ethylene-methacrylic acid copolymer characterised by a sodium ion (Na + ) aggregate structure. The effects of this surface treatment on ionomer sheets were quantified using contact angle measurements, Fourier transform infrared spectroscopy (FTIR-ATR), scanning electronic microscope (SEM) and atomic force microscopy (AFM) to identify changes to the surface of the ionomer samples. The authors also determined which process parameters influence the uniformity and homogeneity of the treated surface.
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Influence of atmospheric plasma conditions on surface wettability
The action of the atmospheric plasma on the ionomer sheets under consideration results in the functionalisation of the sheets' surface, due to the interaction of the ionized species from the air that are generated by the plasma. This increases the wettability of the ionomer samples. This increase, however, depends greatly on the processing variables of the atmospheric plasma during its application to the surface.
This factor must be borne in mind when processing to optimise atmospheric plasma parameters (scan velocity and nozzle-substrate distance). This can be done by analysing the variation in contact angles which indicates the extent to which the surface is hydrophilic or hydrophobic. TABLE 2, TABLE 3, TABLE 4 and TABLE 5 It is important to bear in mind that untreated ionomer sheets are hydrophobic,
given the high values found in contact angles from the four different contact liquids used (Table 6 ).
TABLE 6
Analysis of the data contained in the above tables shows that in general, for any nozzle-substrate distance, contact angles decrease in value as treatment velocity increases, reaching a minimum value at a low velocity. Similarly, comparison of the results observed for every nozzle-substrate distance at a fixed velocity revealed that as nozzle-substrate distance increases, so does the contact angle, resulting in lower wettability. This observation is confirmed when different water contact angles for each nozzle-substrate distance were compared with contact angle measurements for the untreated sample fixed at the minimum velocity; it was found that at a distance of 6 mm there was a 68.3 % decrease in the contact angle, at a distance of 10 mm there was a 44.5% decrease, at a distance of 14 mm the contact angle decreases by 23.8% and at a distance of 20 mm, there is a 22.5% decrease in the contact angle. , which improved under low treatment velocities, reaching a value of 34.85 mJ·m -2 at 100 mm/s. As treatment velocities increased, however, these values decreased to 15.13 mJ·m -2 at 1000 mm/s. In contrast, the dispersive component (γ S d ) of the surface energy varied slightly, increasing by 11% over its initial value, reaching a maximum value at a velocity of 300 mm/s. As velocity was increased, however, the surface energy decreased by 18% of the maximum value at a speed of 1000 mm/s. 12% with respect to its maximum value at high plasma treatment velocities.
FIGURE 3
The change in surface energy (γ S ) and its polar (γ S P ) and dispersive components (γ S d ) for a nozzle-substrate distance of 14 mm is shown in Figure 3 . Here we observe that the behaviour of surface energy and its components is similar; they all attain a maximum value at low treatment velocity (100 mm/s). Surface energy increases by 142% with its polar component increasing by 199% and its dispersive energy increasing by 123%. As plasma treatment velocity increases, surface energy decreases as does its component energies. 
Surface Morphology
Surface modification of the sodium ionomer sheets treated with atmospheric plasma under different conditions was analysed using an atomic force microscope (AFM) in order to examine the surface roughness of the ionomer samples [25] [26] [27] .
The morphology of the original untreated sample was found to be quite regular and homogeneous, whereas the sample treated with plasma at a nozzle-substrate distance of 6 mm showed an increased roughness that featured deeper grooves. As the nozzle-substrate distance increases, this microetching effect decreases, as can be observed in Figure 5 .
FIGURE 5
In Figure 5 we see how abrasion or microetching density decreases in samples as nozzle-substrate distance is increased. At greater distances, the atmospheric plasma treatment is less effective, thereby lessening surface roughness. Roughness is lowest at a distance of 20 mm, as greater distances lessen the ability of the plasma to etch the ionomer surface, owing to lower plasma strength at this distance when compared to shorter distances.
A similar effect occurs as samples are passed under the plasma beam at higher velocities; surface abrasion decreases since its effect on the ionomer surface is weaker.
Therefore the abrasion effect will be accentuated at lower scan velocities whereas high velocities do not bring about great differences in the surface morphology of the samples.
To examine the extent of microetching on the surface of the samples treated with atmospheric plasma an atomic force microscope (AFM) was used. Figure 6 shows the change in roughness of profiles for samples treated at a nozzle-substrate distance of 6 mm at various scan velocities. FIGURE 6 Figure 6 shows that untreated samples were found to have a fairly homogeneous and regular profile, free of any pronounced roughness. As was observed previously with regard to the effect of the scan velocity of the sample, as said plasma scan velocity increases, the roughness decreases. This was confirmed in the above graph which shows the evolution of sample profiles indicating that at a low velocity (100 mm/s) the sample was found to have marked peaks and irregularities (in the form of level changes and grooves) which clearly indicate that the plasma's abrasive effect was greater. As the plasma scan velocity increases, peaks soften and grooves created by the abrasive action of the plasma decrease in depth.
FIGURE 7
The same effect was observed at a plasma application distance of 10 mm. The highest degree of surface roughness was observed at the lowest scan velocity (100 mm/s), and, as in the previous case, higher velocities lessen the strength of the treatment as well as surface roughness. A similar result was observed at nozzle-substrate distances of 14 and 20 mm (Figures 8 and 9 respectively). As was observed and discussed for Figure 5 , the resulting roughness for these two distances decreases for samples treated at velocities greater than the 100 mm/s, as this velocity gives rise to the greatest surface roughness.
FIGURE 8 and FIGURE 9   TABLE 7   Table 7 shows the mean roughness parameters (Rms) and maximum roughness (Rmax) obtained from the AFM analysis. The roughness of untreated sample was low when compared to that of treated samples, which showed a considerable increase in roughness. This is attributable to the effect of microetching created by the plasma on the surface of the samples. As this microetching effect decreases with increasing velocity and distance, roughness too will decrease. The increase in surface roughness significantly increases wetting characteristics of the material. The results obtained by way of AFM analysis contrast with results obtained in the wettability study and the calculation of surface energy performed previously.
Characterisation of plasma activated surface
To study chemical changes produced by the atmospheric plasma process the surface was analysed by way of FTIR-ATIR. The action of the plasma produces oxidation of the surface species of the sample which increase its polarity; however, in this case the ionomer sample already contains some oxygen and therefore new chemical species are not created. Instead the quantity of compounds containing oxygen will increase resulting in an increase in the peaks associated with said compounds as was observed in Figure 10 [29, 32].
FIGURE 10
The peaks found in both the control and plasma-treated samples that are most After plasma treatment, the peaks that undergo slight variations are those containing oxygen in their functional group, due to the oxidising effect of the plasma.
Of these, the peak that undergoes the greatest change as a function of the velocity of the treatment and plasma application distance is the peak at 1698.55 cm -1 . , for the different plasma treatment distances. Although these values show slight differences, this peak was the only one where a significant change was observed in area unit values. A minimum area was observed for the untreated ionomer sample, whereas the maximum peak area was seen for the minimum nozzle-substrate distance of 6 mm. As the nozzlesubstrate distance increases, the values for this area decrease. This can be explained by the oxidising action of the plasma which decreases in strength as the distance between the sample and the nozzle increases.
In order to study oxidative action as a function of scan velocity, scan velocity was varied for each nozzle-substrate distance. In this instance, only a slight variation was found at peak 1698.55 cm -1 .
The following tables list area values for peak 1698.55 cm -1 for the different plasma treatment distances. TABLE 9, TABLE 10, TABLE 11 and TABLE 12 Analysis of the values shown in these tables revealed a similar pattern for all groups of results, where the maximum value for area is seen at the lowest velocity applied (100 mm/s). As velocity of plasma treatment increases, however, the area values decrease. This occurs because at low velocities, the action of the plasma is stronger; when the sample is passed under the plasma slowly, there is more time for the plasma beam to act on the surface. At higher velocities the sample passes under the plasma so rapidly that the plasma has very little time to have an oxidising effect on the surface, unlike the effect seen at lower velocities.
Conclusions
The following conclusions can be made regarding the atmospheric plasma processing conditions and their influence on surface wettability: With regard to the effect of the plasma, that is, both its oxidising action on the surface and the phenomenon of microetching, we observed that changes to sample sodium ionomer surfaces were greater at shorter nozzle-substrate distances, bringing about a greater wettability of the surface and greater surface energy. Similarly, plasma application velocity was found to have an affect on plasma action; at lower application velocities surfaces underwent greater changes than at higher velocities. Wettability and surface energy increased at lower velocities but decreased as plasma scan velocity increased.
With regard to surface morphology of the samples, as seen above, samples analysed by way of atomic force microscopy (AFM) showed greater surface roughness with decreasing nozzle/substrate distance with roughness decreasing as said distance increased. At low plasma application velocities the highest values of surface roughness were observed; as plasma scan velocity was increased surface roughness decreased.
Analysis of the plasma activated surface via FTIR-ATR revealed an increase in functional groups containing oxygen, especially the C=O group represented by the peak at 1698.55 cm -1 which corresponds to carboxylic acid, its presence attributable to the oxidising action of the plasma. At a fixed scan plasma velocity and varying nozzlesubstrate distances, the shortest distance of 6 mm shows a maximum area for this peak associated to the C=O group of the sample. As the nozzle-substrate distance increases, however, this area decreases, which indicates lower quantities of said group. At a fixed nozzle-substrate distance with varying plasma application velocities, there is a maximum peak area for the C=O functional group at low velocities (100 mm·s -1 ). As scan velocity increases, however, this area decreases, which means that at lower velocities there is a greater presence of the carboxylic acid C=O group and as velocity increases, this group decreases. This occurs because when scan velocity increases, the plasma has less time to act upon the surface of the sample. Therefore as treatment time decreases, so does the effectiveness of the treatment. 
